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Localized surface plasmons excited by Ag nanoparticles are introduced in the chemical etching
process of silicon. A special crateriform structure with gradually varying radius is achieved by the
surface electromagnetic field enhancement effect of localized surface plasmons resonance (LSPR).
Theoretical analysis demonstrates that the formation kinetics of the crateriform structures conforms
to the local electromagnetic field enhancement and forward scattering induced by LSPR. The
LSPR assisted photocatalytic etching offers a potential approach for the preparation of the surface
microstructures used in optoelectronic devices. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4855615]

Localized surface plasmons (LSP) of Ag nanoparticles
have recently attracted a lot of attention in many fields, due
to their strong localized electromagnetic field enhancement
and light scattering properties.' Examples of such fields
include Raman scattering,2 photovoltaic,3 and sensors.”*
Recently, the LSP, especially localized surface plasmons res-
onance (LSPR) of noble metal nanoparticles, can dramati-
cally amplify the localized electromagnetic fields and,
therefore, have become an interesting topic in the visible-
light photocatalyst process.>

Silicon chemical etching is a simple and effective
method to fabricate surface microstructures, and can be influ-
enced by the electromagnetic field.”® By varying the electro-
magnetic field intensity, round, square, and triangular shaped
surface morphologies have been obtained in Si chemical
etched process.”'® However, the morphologies of the etched
structure by this method are finite.'! Therefore, it is neces-
sary and important to enrich the Si chemical etching method
in the fabrication of microstructures. Here, we introduce the
effect of LSPR on Ag nanoparticles assisted Si chemical
etching process.

In this Letter, the effect of LSPR on the Si etching pro-
cess, assisted by Ag nanoparticles under laser irradiation, is
investigated. The photocatalytic mechanism of LSPR on the
morphology of the etched structure is proved by analyzing
the localized electromagnetic field enhancement and electron
transport by Mie and electrochemistry theories. The obtained
crateriform structure could enhance the light collection and
light emission properties, and can be used in light emitting
diodes (LEDs) and solar cells. This work shows an efficient
way of fabricating the material surface microstructure.

In experimental, a krypton ion laser is tuned to a
short wavelength (A=476nm) to excite LSPR on Ag
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nanoparticles, which possesses the properties of high light
intensity, monochromaticity, and parallelism.''™"* P-type
Si(111) wafers (1-2 Q-cm) that are polished on one side are
used, and by sputtering deposition and annealing processes,
Ag nanoparticles are deposited on silicon surface. Then, the
samples are etched with laser illumination/irradiation for
60s in HF/H,O, etchant (volume ratio; HF:H,O,:H,O
=1:5:10). Every sample has two regions for comparison,
one formed with laser illumination and the other without.

In the laser illuminated region, the crateriform structures
are formed on Si surface as shown in Fig. 1(a), and the
region without illumination only exhibit ordinary straight
holes (Figs. 1(b) and 1(c)), which is typical of porous Si
structure etching assisted by Ag nanoparticles.'* In both
regions, the Ag nanoparticles are left at the bottom of etched
structure after the etching process. In the illuminated region,
the special structure characteristics of etched morphology
are shown in the inset image of Fig. 1(a), which shows a cra-
teriform top and a cone-shaped bottom. The diameter of cra-
teriform tops range from 60nm to 120nm, and the
corresponding Ag nanoparticles have a relative diameter
ranging from 20nm to 50nm. The cone does not have
obvious orientation, and the diameter of each crateriform
structure corresponds to the Ag nanoparticles. Obviously, the
two parts of the etching structure exhibit significant differen-
ces in morphology, which indicates that two different etching
mechanisms work in the etching process.

From the experiment results, laser illumination in the
etching process has an influence on the morphologies of the
special crateriform structure. As we know, the morphology
of etching structure can be greatly affected by the change of
photogeneration carriers in the Si substrate under illumina-
tion.'” It is worth noting that the intensity of the electromag-
netic field near Ag nanoparticles can be greatly enhanced by
the excitation of LSPR, which can have great influence on
the photogeneration carriers in the Si substrate.'>'® In our
work, the formation of the crateriform structure surrounding

© 2014 AIP Publishing LLC
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FIG. 1. SEM images of Si etch topography; (a) Plane-view of crateriform Si
microstructure in laser illuminated scale with an inset image for cross-
sectional view. Plane-view (b) and Cross-sectional view (c) of the same
sample without light illumination, separately.

Ag nanoparticles indicates that LSPR may have an influence
on the morphologies of the special structure. Thus, Mie
theory, for its accurate description of the electromagnetic
field of metal nanoparticles, is applied to study the electro-
magnetic field distribution around Ag nanoparticles.” From
previous studies, the electromagnetic field enhancement
region of Ag nanoparticles can be described by the scattering
cross section (Qsca), and the expression of Qsca is shown in
Eq. (1) below

2 o0
Q=2 Crt Daf + 1) (0

where a, and b,, are the scattering coefficients of the nth scat-
tering electromagnetic mode. x = 2nNa/A, where a is the par-
ticle diameter and A is the wavelength of the incidence light.
Taking into account the effect of the interface between the
etchant and Si surface, the effective permittivity of N is set
as the average value of Si substrate and etchant. The Qsca of
Ag nanoparticles with different diameters at wavelengths
ranging from 300nm to 1100 nm is calculated according to
Eq. (1), as shown in Fig. 2. Under the laser illumination with
a wavelength of 476 nm, the values of Qsca increase with the
diameter of Ag nanoparticles. It is surprising that the Qsca of
Ag nanoparticles with diameters ranging from 35nm to
50nm are approximately the same as the diameters of the
crateriform structures, as shown in Table 1. Both the Qsca
and the diameter of crateriform structure are increasing in
accordance to the increase of the nanoparticle diameter.

Fig. 3 shows a schematic which depicts the etching pro-
cess and is presented for better illustration of the similarity
in value of the Qsca and the crateriform. Under illumination,
the scattering of Ag nanoparticle is shown in the schematic
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FIG. 2. Scattering cross sections of Ag nanoparticles with different particle
diameters.

diagram and the main scattering direction is forward scatter-
ing. In the vicinity of the Ag nanoparticle, the electromag-
netic field on the silicon substrate can be greatly
amplified.'>'® A physical way to visualize the enhancement
of the electromagnetic field is to consider the particle as hav-
ing localized the plane wave of the light as a dipole field sur-
rounding the sphere. The incident laser field surrounding the
particle is described as follows:'’

Einduced = [(81((0) - 82)/(81 (CO) + 282)]]Elaser- (2)

The electromagnetic field induced at the surface of the
sphere is related to the laser field by Eq. (2), where ¢(w) is
complex, the frequency-dependent dielectric function of the
metal and ¢, is the relative permittivity of the ambient me-
dium. At the LSPR frequency, Re(e)+2¢, =0, which
means that the Ag nanoparticles act as an antenna which
amplifies the intensity of the scattered electromagnetic field
and the overall enhancement of magnitude is roughly two
orders. Due to this enhancement and the forward scattering
of the electromagnetic field in the Qsca region, a lot of pho-
togenerated carriers are concentrated on the side walls of
etched structure as shown in Fig. 3. The direct dissolution of
Si on the side walls caused by the photogenerated carriers
can be described by the chemical reaction below

Si+ nh* + 6HF = nH* + HySiFg + (4 —n)/2)H, T, (3)

where n is the number of holes per dissolved Si atom, and ht
stands for photogenerated carriers in the silicon substrate. A
lot of photogenerated carriers greatly accelerate the etching
process. Thus, the etching rate is much higher than that of

TABLE I The diameters of crateriform structures, Ag nanoparticles, and
simulated scattering cross sections Qsca (the numbers indicate the sampled
crateriform structures in Fig. 1(a)).

Crater Qsca Ag nanoparticles
Number diameter (nm) (nm) diameter (nm)
1 69.8 5.8 23.3
2 87.2 45.2 349
3 116.3 107.2 40.7
4 110.5 188.3 46.5
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FIG. 3. Schematics of the formation mechanism of crateriform structure
with laser illumination. The dashed arrows represent light scattered by Ag
nanoparticle, and the dashed circles depict the sink process of Ag nanopar-
ticle in the etching process.

the region without illumination, which results in similar
value of the Qsca and the crateriform. Meanwhile, the inten-
sity of electromagnetic field is not uniform in the Qsca and it
reduces as the distance from the metal nanoparticles
increases.'® Thus, in the Qsca region, the etching rate gradu-
ally decreases as the distance from Ag nanoparticles
increases, which forms the special crateriform morphology.
Previous studies have shown that the cone-shaped bottom
formed under the crateriform top, as depicted in Fig. 3,
exhibits typical Ag nanoparticles assisted Si etching results.”
This indicates that the LSPR only works at a certain depth
near the surface of Si and is caused by the significant reduc-
tion in electromagnetic field intensity. This decrease can be
attributed to two aspects: The electromagnetic field absorp-
tion of porous Si on the side walls of the etched structure as
shown in Fig. 1(a); and the shallow penetration of light in sil-
icon (about 450nm) at the wavelength of 476nm."”
Therefore, from the above analysis, it has been proven that
LSPR is effective in the formation of the crateriform struc-
ture in etching process.

However, in some instances, the Qsca and the etching
diameters of some Ag nanoparticles do not comply with the
above rules. For Ag nanoparticles with diameter less than
30nm, the Qsca is much smaller than the diameter of parti-
cle, indicating that the Mie scattering theory is not effective.
In this situation, the etching process can be explained by the
Ag nanoparticles assisted electrochemical catalytic etching.
Ag nanoparticles are oxidized by H,0,, and the holes are
generated on the Ag nanoparticles. Then, the holes are
injected into the valence band of Si, which leads to the local
oxidation and dissolution of Si atoms underneath the Ag par-
ticles.”’ By preliminary calculation, the turnover frequency
is about 3500/min at common Ag nanoparticles assisted Si
etching and increased to around 5000/min under illumina-
tion. Under laser illumination, to some extent, the catalytic
activity of Ag nanoparticles has increased. Thus, the abnor-
mally large diameters of the etching morphology of these
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small particles can be attributed to the high electrochemical
catalytic activity of smaller Ag nanoparticles.

It is well known that a textured surface with cone-
shaped holes can significantly improve the efficiency of the
LED and the solar cells.”! This crateriform structure has
both light trapping and light collecting properties and has
great potential to be applied in the devices.

In summary, LSPR has been employed for Si surface
microstructure fabrication in chemical etching process. The
crateriform structure is formed on silicon surface in the etch-
ing process. The mechanism of the formation of the crateri-
form structure is revealed by Mie theory. The calculated
results prove that LSPR has a dominant role in the formation
of the crateriform structure. Furthermore, the results also
indicate that LSPR only works at a depth near the surface of
silicon in the etching process. This work shows an efficient
way for application of LSPR in the chemical etching process
to enrich the morphologies of the material surface
microstructure.
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